A t almost every stage when taking any measurement an element of uncertainty will arise. In order to obtain the most competent and appropriate measurements, it is important to understand how these uncertainties operate, and how they might affect the readings that result. To achieve this, we have to know our measurement system and the way in which various influences can affect results. However, analysis of uncertainty can have positive benefits. For example, it can reveal where enhancements can be made to methods of measurement, which will in turn improve the reliability of the results. Understanding measurement uncertainty can therefore be a step towards honing our measurement techniques. So how do we go about addressing uncertainty?
That Uncertain Feeling
Although measurement uncertainty might seem complex -even daunting -it is something that most people encounter on a daily basis. For example, if someone were to ask you for an estimate of, say, the temperature, one might say "it is about 23 degrees Celsius. " This is not simply a vague reply. In fact it demonstrates an intuitive understanding of measurement uncertainty.
We say "about" because we know it is not usually possible to estimate to within a degree the temperature of a room. However, our experience tells us that the temperature is somewhere in the region of 23 degrees. The use of the word "about" acknowledges that we do not trust our own ability to measure the temperature of a room to within a degree Celsius.
We could, of course, be a bit more specific. We could say, "it is 23 degrees Celsius give or take a couple of degrees". The term "give or take" suggests that there is still doubt, but now we are assigning limits to its extent. We have started to quantify the doubt, or uncertainty, of our estimate.
The certainty in uncertainty
With the example we are using, we can also see that the larger the level of the uncertainty we recognise, the more confident we can be that our estimate is accurate to within that level of uncertainty.
Because it is more likely that our estimate is correct to within, say, 5 degrees of the "true" room temperature than to within 2 degrees, we can have more confidence in our estimate being accurate if it includes the larger range of possible answers. The larger the uncertainty, the more confident we are that it encompasses the "true" value. So the uncertainty is related to the level of confidence.
Applying uncertainty
So far, our estimate of temperature has been based on a subjective evaluation. This need not be a complete 'guess' . We may have experience of exposure to similar and known environments. However, in order to make a more objective measurement it is necessary to use of a measuring instrument of some kind; in this case we can use a thermometer.
But even if we use a thermometer, there will still be a level of uncertainty about the result. The use of a thermometer introduces other variables that we can question. For example we could ask: Is it accurate? How well can I read it? Is the reading changing? I am holding the thermometer in my hand -am I warming it up?
It is not only the thermometer itself and our reading of it that might introduce uncertainty. We could also ask: The humidity in the room can vary -will this affect my results? Does it matter where in the room I make the measurement?
In order to quantify the uncertainty of the room temperature measurement we will have to consider all the factors that could affect the result. We will have to make estimates of the possible variations associated with these influences. Let us consider the questions posed above.
Accuracy
In order to find out if the thermometer is accurate, we have to compare it with a more accurate thermometer. This thermometer, in turn, will have to be compared with an even better one, and so on. This leads to the concept of traceability of measurements, whereby measurements at all levels can be traced back to agreed references. This is usually achieved by an unbroken chain of comparisons to a national metrology institute, which maintains measurement standards that are directly related to SI units.
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We need a traceable calibration. This calibration will itself provide a source of uncertainty, as the calibrating laboratory will assign a calibration uncertainty to the reported values. When used in a subsequent evaluation of uncertainty, this is often referred to as the imported uncertainty.
In terms of the thermometer accuracy, however, a traceable calibration is not the end of the story. Measuring instruments "drift". Regular recalibration is needed. It is also important to evaluate the likely change since the instrument was last calibrated.
If the instrument has a reliable history we might be able to predict what the reading error will be at a given time in the future, based on past results, and apply a correction. But this prediction will not be exact. So there will be uncertainty on the corrected value. Sometimes the past data may not indicate a reliable trend, and limit values may have to be assigned for the likely change since the last calibration. Evaluations made using these methods yield the uncertainty due to secular stability, or changes with time, of the instrument.
There are other influences relating to the thermometer accuracy. Suppose we have a traceable calibration, but only at 15 °C, 20 °C and 25 °C. What does this tell us about its indication error at 23 °C?
In this case we have to make an estimate of the error, perhaps using interpolation between the calibrated points. This is not always possible as it depends on the measured data being such that accurate interpolation is practical. We might then have to use other information, such as the manufacturer's specification, to evaluate the additional uncertainty that arises when the reading is not directly at a calibrated value.
How well can I read it?
There will be a limit to which we can read the instrument. If it is a liquid-in-glass thermometer, this limit will depend on our eyesight. If it is a thermometer with a digital readout, the number of digits in the display will define the limit.
There will always be an uncertainty of ± half of the change represented by one increment of the last displayed digit. This does not only apply to digital displays; it applies every time a number is recorded. If we write down a rounded result of 123.45, an identical effect occurs and an uncertainty of ± 0.005 will arise.
Changing readings
Then we must ask: Is the reading changing? Almost certainly! Owing to variations in the temperature itself, variations in the performance of the thermometer and in other influence quantities, such as the way we hold the thermometer, the reading is unlikely to be exactly constant.
What if we just took one reading and called that the result? It would mean little, because the next reading, even just a few seconds later, could be different. Which is "correct"?
We could take several measurements and then calculate an average to mitigate these effects. The average could be closer to the "true" value than any individual reading is.
But we can only take a finite number of measurements. This means that we will never obtain the "true" mean value that would be revealed if we could carry out a very large number of measurements. There will be an unknown error -and therefore an uncertaintyrepresented by the difference from our calculated mean and the underlying "true" mean.
This uncertainty cannot be evaluated using the methods mentioned above. Up until now, we have looked for evidence, such as calibration uncertainty and secular stability. We have considered what happens with resolution by logical reasoning. The effects of variation between readings cannot be evaluated like this, because there is no background information available.
All we have is a series of readings and an average value. We therefore have to use a statistical approach to determine the accuracy of our calculated mean. This provides the uncertainty associated with the repeatability of our measurements and is referred to as the standard deviation of the mean.
Can holding the thermometer be warming it up?
There may be heat conduction from the hand to the temperature sensor or radiated heat from the body affecting it. These effects may be significant, but we will not know until an evaluation is performed. Special experiments may be required.
How could we do this? We could set up the thermometer in a temperature-stable environment and read it remotely, without the operator nearby. We could then compare this result with that when the operator is holding it in the usual way, or in a variety of ways. This would yield empirical data on the effects of heat conduction and radiation. If it turns out to be significant, we could either improve the method so operator effects are eliminated, or include a contribution to measurement uncertainty based on the results of the experiment. This tells us something very important. Namely, any measurement we obtain may not be independent of the operator. In order to obtain a more accurate result we may need to consider ways to mitigate the effect that the operator has on the result.
We might have to train the operator to use equipment in a certain way. Special experiments may be necessary to evaluate particular effects. So uncertainty evaluation could reveal ways to improve our methods, eventually leading to the ability to obtain greater accuracy in our results This is a positive benefit of uncertainty evaluation.
Could relative humidity in the room affect the results?
This is a possibility. If we were using a digital thermometer humidity could affect the electronics that process the signal from the sensor, or the sensor itself.
How would we evaluate any such effects? In this case, we could expose the thermometer to a constant temperature and change the humidity. This would demonstrate how sensitive the thermometer was to this quantity.
This point is applicable to any measurement. Every measurement we take is by definition carried out in some form of environment. So could any aspect of the environment affect the result?
The following environmental effects are amongst those most commonly encountered when considering measurement uncertainty:
• It is clear that understanding of the system is important in order to identify and quantify the uncertainties that can arise in a measurement situation. Conversely, analysis of uncertainty can often yield a deeper understanding of the system and reveal ways in which the process can be improved. This leads on to the next question…
Does it matter where in the room I make the measurement?
It depends what we are trying to measure! Are we interested in the temperature at a specific location? Or the average of the temperatures encountered at any location within the room? Or the average temperature at bench height? Do we require the temperature at a particular time of day, or the average over a specific period of time?
Such questions have to be asked, and answered, so that we can devise an appropriate measurement method that gives us the information we require. Until we know the details of the method, we cannot evaluate the associated uncertainties.
This leads to what is perhaps the most important question of all, one that should be asked before we even start with our evaluation of uncertainty:
What exactly is it that I am trying to measure?
Until this question is answered, we cannot carry out a proper evaluation of the uncertainty. The particular quantity subject to measurement is known as the measurand. In order to evaluate the uncertainty we must define the measurand otherwise we cannot know how a particular influence quantity affects the value we obtain for it.
This means that there has to be a specified relationship between the influence quantities and the measurand. This relationship is known as the mathematical model. This is an equation that describes how each influence quantity affects the value assigned to the measurand. In effect, it is a description of the measurement process. A proper analysis of this process also answers another important question:
"Am I actually measuring the quantity that I thought I was measuring?" Some measurement systems are such that the result is only an approximation to the "true" value because of assumptions and approximations inherent in the method. The model should include any such assumptions and therefore associated uncertainties will be accounted for in the analysis.
More information, including worked examples, can be found in M3003, The Expression of Uncertainty and Confidence in Measurement, published by the United Kingdom accreditation service. M3003 is available as a free download from http://www.ukas.com/Library/ downloads/publications/M3003.pdf.
